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Rosen et al. (1994) first demonstrated that Ca21 influx
through voltage-dependent ion channels activates Ras/
MAPK. Subsequently, four Ca21-dependent pathwaysp21ras (Ras) is a small guanine nucleotide±binding pro-
to Ras have been described; however, the functionaltein that functions in signal transduction cascades that
independence of the pathways is unclear, since cross±mediate cellular growth and differentiation. Ras is highly
talk between different pathways probably occurs (Figureexpressed in the developing and adult nervous systems
1). One Ca21-dependent pathway to Ras involves theand plays an important role mediating growth factor
tyrosine kinase PYK2 (Lev et al., 1995). Attempts to iden-responses. Nearly 2 years ago, it was shown that volt-
tify a function for PYK2 revealed that increases in cyto-age-gated Ca21 influx can also activate Ras. Since
plasmic Ca21 increased PYK2 tyrosine phosphorylationgrowth factor and Ca21 signaling cascades were be-
and kinase activity. Overexpression of PYK2 proportion-lieved to be distinct, the mechanisms by which Ca21
ally increases phosphorylation and activation of MAPK,activated Ras were expected to be novel. Until recently,
suggesting that PYK2 may activate Ras. One answer tothese mechanisms have remained a mystery. However,
how PYK2 might activate Ras comes from analysis ofseveral recent papers provided evidence for no less than
a structurally homologous protein, the focal adhesionfour Ca21-dependent pathways that lead to Ras. These
kinase (p125FAK or FAK). FAK is a tyrosine kinase thatpathways may play critical roles linking activity-induced
mediates signaling by the integrin family of extracellularchanges in cytoplasmic Ca21 levels and long-term
matrix receptors. One model posits that FAK autopho-changes in neuronal differentiation, survival, and synap-
sphorylation and activation results when the cyto-tic strength. Apparent differences in the subcellular lo-
plasmic domains of activated integrin receptors cluster.calization of certain Ca21-dependent paths to Ras sug-
FAK autophosphorylation at tyrosine (Y397) enablesgest that they may play distinct roles in pre- and
FAK to bind avidly the SH2 domain of the tyrosine kinasepostsynaptic plasticity mechanisms. The existence of
Src. The interaction between FAK and Src may inducemultiple pathways could also be important for generat-
a conformational change that activates Src. Src thening specific Ca21 responses and for integrating the activ-
phosphorylates FAK on a specific tyrosine (Y925) thatity of Ca21-independent signaling pathways.
serves as a binding site for Grb2. Thus, activated FAKThe Ras/MAPK Cascade
may localize the Grb2±Sos complex to the inner surface
Four genes comprise the mammalian ras family: Ki-ras,
of the plasma membrane where it can activate Ras.
H-ras, N-ras, and R-ras. These genes encode small gua-
Since FAK and PYK2 are structurally homologous and
nine nucleotide±binding proteins that localize to the in-
the FAK tyrosine residues Y397 and Y925 are conserved
ner face of the plasma membrane and function as mo-
in PYK2, it seems likely that PYK2 also activates Ras
lecular switches that transmit receptor signals to
by a Src-dependent mechanism. Support for this model
downstream mitogen-activated protein kinase (MAPK) comes from a recent study by Halegoua and colleagues
cascades (Seger and Krebs, 1995; Herskowitz, 1995). in Neuron demonstrating that voltage-dependent Ca21
Prior to growth factor stimulation or cytosolic Ca21 ele- influx activates Src in PC12 cells (Rusanescu et al.,
vations, Ras resides at the plasma membrane in an inac- 1995).
tive state, bound to GDP. Growth factors, upon binding, Halegoua and coworkers showed that Ca21 influx
induce their cognate receptors to dimerize and undergo through L-type voltage-dependent channels increases
tyrosine autophosphorylation within their cytoplasmic Src kinase activity and induces a redistribution of Src
domains (Ng and Shooter, 1993). Certain tyrosine phos- from the cytosol to the plasma membrane (Rusanescu
phorylations create docking sites for proteins that con- et al., 1995). They also developed a PC12 subline that
tain highly conserved Src homology 2 (SH2) domains. stably expressed a dominant-interfering form of Src
Two such SH2-containing proteins are the adapter pro- (SrcDN). In contrast with the parent PC12 line, SrcDN
teins known as Grb2 and Shc. Grb2 exists as a complex cells did not undergo depolarization-induced MAPK
with the guanine nucleotide exchange factor (GEF) phosphorylation or transcription of the immediate early
called Son of sevenless (Sos). Shc can bind the Grb2± gene NGFI-A. Since factors that regulate NGFI-A tran-
Sos complex. GEFs activate Ras by inducing inactive scription are downstream targets of the Ras/MAPK
Ras to exchange GDP for GTP. Thus, growth factor pathway, these results suggest that Ca21 activates the
receptors activate Ras by bringing the Ras±GEF, Sos, Ras/MAPK pathway via Src. In this study, Rusanescu
to the membrane through binding Grb2 or Shc. Once et al. also found evidence for Shc involvement in Src
active, Ras transmits its signal to the MAPK cascade signaling. In PC12 or RasDN cells, Ca21 influx triggered
through Raf (Figure 1A). Subsequently, Raf phosphory- Shc phosphorylation and its association with Grb2±Sos.
lates and activates mitogen-activated/extracellular re- By contrast, SrcDN cells failed to undergo Shc phos-
ceptor±regulated kinase (MEK), which activates MAPK. phorylation in response to depolarization. This suggests
that Shc lies downstream of Src and upstream of RasPhosphorylated MAPK translocates to the nucleus
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Grb2±Sos complex. The Ca21-dependent kinase that
mediates EGFR phosphorylation is unknown, but could
be PYK2 or Src. Src has recently been implicated in
Ca21 signaling in PC12 cells; v-src increases EGFR
phosphorylation and signaling activity (Wasilenko et al.,
1991). Although mechanisms of Ca21-dependent EGFR
phosphorylation are unclear, experiments with blocking
EGFR antibodies suggest that Ca21 acts independently
of EGF binding the extracellular receptor. These results
are interesting in part because they suggest a com-
pletely new biological role for growth factor receptors.
The cytoplasmic domains of growth factor receptors
may function as direct targets of other signaling paths
and thus signal independently of ligand bound to their
extracellular domains.
Models of the aforementioned Ca21-dependent paths
Figure 1. Ca21 Can Activate the Ras/MAPK Pathway Through Sev- to Ras share a common feature with growth factor±
eral Mechanisms dependent cascades in that the penultimate step to Ras
(A) The Ras/MAPK pathway is a linear signaling cascade that com- activation requires the Grb2±Sos complex. Recently, a
prises the small GTP-binding protein Ras and a series of three fourth Ca21-dependent path to Ras has been identified
sequentially phosphorylated and activated protein kinases named
that depends on a recently discovered Ca21-sensitiveRaf, MEK, andMAPK. In neurons, depolarization-induced Ca21 influx
Ras±GEF, called Ras guanine nucleotide±releasing fac-activates Ras by unknown mechanisms. Ca21 influx through the
tor, or Ras±GRF (Farnsworth et al., 1995). Ras±GRF isN-methyl-D-aspartate (NMDA) subtype of glutamate receptor in-
duces phosphorylation of MAPK, but it is unknown whether this unusual compared with other Ras exchange factors.
results from Ca21-induced activation of Ras, a downstream cascade Instead of domains that interact with Grb2, Ras±GRF
member, or by a novel Ca21-dependent pathway. The Ca21-sensitive contains an ilimaquinone (IQ) motif. The IQ motif confers
Ras guanine nucleotide±releasing factor Ras±GRF is only expressed
Ca21 sensitivity to Ras±GRF by binding Ca21±calmodulin.in neurons and may play an important role mediating Ca21-depen-
Upon Ca21 channel activation, Ca21 flows into the cyto-dent Ras activation.
sol and binds calmodulin, and the Ca21±calmodulin(B) In PC12 cells, several overlapping pathways could mediate Ca21-
dependent Ras activation (see text for details). Solid arrows indicate complex binds Ras±GRF. Ca21±calmodulin±Ras±GRF
known relationships or pathways of activation; dashed arrows indi- activates Ras by inducing GTP exchange. Recent coex-
cate possible pathways of activation. Terms: EGF receptor, epider- pression experiments by Feig and his colleagues
mal growth factor receptor; Src, the tyrosine kinase p60src. showed that the IQ motif is necessary for Ras±GRF to
activate Ras and MAPK.
(Figure 1B). Src may directly or indirectly induce Shc Future work will need to address several important
phosphorylation; however, it is unclear whether Shc questions about Ca21-dependent pathways to Ras.
phosphorylation is required for Src-dependent Ras acti- First, none of these pathways has been directly demon-
vation (McGlade et al., 1992). In fact, results from Schles- strated to mediate Ca21-dependent Ras activation in
singer and colleagues suggest that there may be more neurons. The PYK2-, EGFR-, and Src-dependent paths
than one way that Src activates Ras. If Src enables PYK2
have only been demonstrated in PC12 cells. Ras±GRF is
to bind Grb2 directly as proposed above, then Src might
present in cortical neurons but not PC12 cells; however,
activate Ras independently of Shc. If so, the mecha-
Ras±GRF has not yet been shown to mediate Ca21-nisms and functional significance of Ca21-dependent
dependent Ras activation in neurons. Another importantShc phosphorylation remain an enigma. However, a pos-
goal will be to determine what role Shc plays in mediat-sible role for Shc has been found in a third Ca21-regu-
ing Ca21 responses. Although Shc becomes phosphory-lated path to Ras recently reported by Rosen and
lated in response to depolarization in PC12 cells, thereGreenberg (1996).
is no proof that Shc is required for Ras activation. Fur-Rosen and Greenberg found that Ca21 influx through
thermore, there is no evidence that Ca21 induces ShcL-type voltage-dependent channels induced a rapid
phosphorylation in neurons. For example, Shc phos-Ca21-dependent tyrosine phosphorylation of a 195 kDa
phorylation was induced in cortical neurons by neuro-protein in PC12 cells. Immunoprecipitation experiments
trophins but not by Ca21 influx through L-type voltage-showed that this molecule is theepidermal growth factor
dependent channels (Farnsworth et al., 1995). However,receptor (EGFR). Two results suggested that depolariza-
it remains possible that there are unidentified Shc familytion-induced EGFR phosphorylation might form a path-
members in neurons that are specifically activated byway to Ras. Time course experiments showed that EGFR
Ca21 influx. Finally, with several lines of evidence thatphosphorylation preceded and therefore might have
Src may be involved in different pathways, it will becaused Shc and MAPK phosphorylation. Coimmuno-
important to understand more about the involvement ofprecipitation experiments also showed that depolariza-
Src in Ca21 signaling. In particular, it will be importanttion induced association of the EGFR with Shc and the
to determine how Ca21 activates Src and to test directlyRas activator Grb2±Sos (Figure 1B). These data are con-
its role in various pathways that lead to Ras.sistent with a model in which Ca21 activates the Ras/
Neurobiology of RasMAPK cascade by first inducing EGFR phosphorylation
Features of Ras and MAPK expression in the nervousfollowed by Shc phosphorylation and functional associ-
ation among the EGFR, Shc, and the Ras-activating system suggest that the Ras/MAPK cascade may play
Minireview
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and introduction of Ras into embryonic neurons mimics
growth factor treatment (Borasion et al., 1989, 1993).
Sustained Ca21 influx sustains PC12 survival, possibly
via Ras activation (Rusanescu et al., 1995). Results from
manipulations of Ras regulatory proteins also indicate
a role for Ras in neuronal survival. Animals that lack
specific Ras±GAPs, molecules that turn Ras off, have
two interesting neuronal phenotypes. Embryonic and
sensory neurons from animals lacking the Ras±GAP
neurofibromin are able to survive without neurotrophins
(Vogel et al., 1995). Presumably, uninhibited Ras activity
precludes the need for neurotrophins. By contrast, ani-
mals that lack another Ras±GAP, p120, show substantial
apoptosis in hind brain structures (Henkemeyer et al.,
1995). Apoptosis may occur because overstimulation of
the Ras/MAPK pathway causes postmitotic neurons to
make an abortive attempt to reenter the cell cycle.
What is the significance of the fact that there are
multiple Ca21-dependent pathways to Ras? Although it
remains tobe shown that any of these pathways actuallyFigure 2. Potential Neurobiological Sequellae of Activation of the
mediates Ca21-induced Ras activation in neurons, oneRas/MAPK Pathway and Components of the Pathways that Lead
to Ras could imagine several possible reasons why multiple
The cartoon depicts a magnified presynaptic terminal and postsyn- pathways might be important. First, differential activa-
aptic bouton and dendrite. Ca21 influx into either the pre- orpostsyn- tion of the paths that lead to Ras may form the basis
aptic terminal could activate the Ras/MAPK pathway or important for generating stimulus-specific cellular responses.
molecules such as Src or PYK2 that lead to Ras. Ras/MAPK, Src,
Components of the different pathways such as Src oror PYK2 could signal to local targets at the synapse as well as
PYK2 are known to regulate substrates and signalingdistant targets in the nucleus. These pathways may mediate specific
cascades besides those that directly activate Ras. Sincerapid and long-term synaptic changes (see text for details). Terms:
VSCC, voltage-sensitive Ca21 channels; NMDA channels, N-methyl- Ras activation is common to all of the pathways, the
D-aspartate channels. activity of these accessory targets and signaling cas-
cades could be a distinguishing feature of a particular
stimulus. Thus, differential activation of the pathways
a specific role in synaptic signaling. First, Ras and MAPK that lead to Ras could generate specific cellular re-
are highly expressed in the embryonic and adult nervous sponses that reflect the activity of the Ras/MAPK path-
systems of species ranging from Drosophila to mam- way in conjunction with the activity of these specific
mals (Sudol, 1988; Fiore et al., 1993). MAPK is present accessory targets or signaling cascades. Differential ac-
in dendrites and colocalizes with microtubules. Notably, tivation of the various paths to Ras could be achieved
MAPK is also found in neuronal cell bodies but not syn- if pathway members have distinct subcellular localiza-
aptic terminals. Since dendrites are the chief site of tions or if they become activated by different cyto-
synaptic signal integration, the Ras/MAPK cascade may plasmic Ca21 levels. In fact, there is some evidence that
function to transmit synaptic signals to targets in the Src is enriched in presynaptic structures such as growth
synapse and nucleus. cones, the specialized structures at the tip of growing
With so many paths to Ras, two questions immedi- neurites (Maness et al., 1988). By contrast, evidence
ately arise: what is the biological consequence of Ras/ suggests that the downstream Ras effector MAPK is
MAPK activation in the nervous system and what is the found largely in postsynaptic structures such as den-
significance of the various possible pathways of Ca21- drites (Fiore et al., 1993). These observations raise the
dependent Ras activation? Our understanding is incom- interesting possibility that the different Ca21-dependent
plete, but several lines of evidence suggest that Ras may paths to Ras and the Ras/MAPK cascade may play dif-
regulate neuronal differentiation, survival, and plasticity ferent roles pre- and postsynaptically.
(Figure 2). Introduction of a constitutively active form of Conversely, the existence of multiple Ca21-dependent
Ras into PC12 cells led to neurite outgrowth (Bar-Sagi paths to Ras creates opportunities to integrate activity
and Feramisco, 1985; Guerrero et al., 1986; Noda et al., from other converging signaling paths. Several studies
1985). Overexpression of Ras also led to fiber outgrowth suggest that Ras itself may form an important conver-
in primary cultures of chick neurons from dorsal root gence point for several Ras-activating pathways. Ghosh
ganglion, nodose ganglion, and ciliary ganglion (Bora- et al. (1994) found evidence that depolarization-induced,
sion et al., 1989). These experiments showed that Ras Ca21-dependent survival of cortical neurons could be
was sufficient to induce one aspect of differentiation, blocked by anti-BDNF antibodies. Depolarization proba-
neurite extension. The study by Halegoua and col- bly led to survival by increased BDNF secretion, TrkB
leagues extends these observations by showing that receptor activation, and presumably greater Ras activ-
Ca21-mediated differentiation also requires Ras in PC12 ity. Meyerfranke and colleagues found that cultured reti-
cells (Rusanescu et al., 1995). nal ganglion cells showed greater growth factor re-
Ras may also play a role in neuronal survival. Ras is sponses (such as survival) when the ganglion cells were
depolarized, suggesting that the pathways cooperatednecessary for neurotrophin-induced neuronal survival,
Neuron
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Guerrero, I., Wong, H., Pellicer, A., and Burstein, D.E. (1986). J. Cellat some level (Meyerfranke et al., 1995). Thus, Ras may
Physiol. 129, 71±76.serve a central role integrating survival signals from Ca21
Henkemeyer, M., Rossi, D.J., Holmyard, D.P., and Puri, M.C. (1995).and growth factor pathways.
Nature 377, 695±701.Taken together, our understanding of Ras and the
Herskowitz, I. (1995). Cell 80, 187±198.Ca21-dependent pathways that lead to its activation
Lev, S., Moreno, H., Martinez, R., Canoll, P., Peles, E., Musacchio,suggest another role: Ca21-mediated Ras activation may
J.M., Plowman, G.D., Rudy, B., and Schlessinger, J. (1995). Naturebe important for mechanisms of plasticity. It is clear
376, 737±744.
from the in vitro model of learning and memory (long-
Maness, P.F., Aubry, M., Shores, C.G., Frame, L., and Pfenninger,
term potentiation) that increases in intracellular Ca21 K.H. (1988). Proc. Natl. Acad. Sci. USA 85, 5001±5005.
are required for activity-dependent potentiation of the McGlade, J., Cheng, A., Pelicci, G., Pelicci, P.G., and Pawson, T.
strength of many synapses. Although the specific bio- (1992). Proc. Natl. Acad. Sci. USA 89, 8869±8873.
chemical mechanisms that underlie these changes re- Meyerfranke, A., Kaplan, M.F., Pfrieger, F.W., and Barres, B.A.
main largely unknown, two principles have emerged. (1995). Neuron 15, 805±819.
First, the biochemical processes that mediate synaptic Ng, N.F.L., and Shooter, E.M. (1993). J. Biol. Chem. 268, 25329±
potentiation can be divided into two temporal phases: 25333.
an initiation phase that results from modifications to Noda, M., Ko, M., Ogura, A., Liu, D., Amano, T., Takano, T. and
Ikawa, Y. (1985). Nature 318, 73±75.existing proteins and a consolidation phase that de-
pends on new gene expression or protein synthesis. Rosen, L.B., and Greenberg, M.E. (1996). Proc. Natl. Acad. Sci. USA
93, 1113±1118.Second, there may be distinct biochemical processes
Rosen, L.B., Ginty, D.D., Weber, M.J., and Greenberg, M.E. (1994).localized pre- and postsynaptically that contribute to
Neuron 12, 1207±1221.activity-dependent synaptic plasticity. PYK2, Src, or the
Rusanescu, G., Qi, H., Thomas, S.M., Brugge, J.S., and Halegoua,Ras/MAPK pathway may function to mediate both local,
S. (1995). Neuron 15, 1415±1425.rapid Ca21-dependent processes at the synapse as well
Segal, R., and Greenberg, M.E. (1996). Annu. Rev. Neurosci., inas long-term changes in protein synthesis and gene
press.expression at the nucleus. For example, Src localizes
Seger, R., and Krebs, E.G. (1995). FASEB J. 9, 726±735.to growth cones and can phosphorylate synaptophysin,
Sudol, M. (1988). Brain Res. Rev. 13, 391±403.a protein important for synaptic vesicle release (Maness
Vogel, K.S., Brannan, C.I., Jenkins, N.A., and Copeland, N.G. (1995).et al., 1988; Barnekow et al., 1990). Thus, Src may locally
Cell 82, 733±742.regulate Ca21-dependent neurotransmitter release, an
Wasilenko, W.J., Payne, D.M., Fitzgerald, D.L., and Weber, M.J.important potential presynapticmechanism of plasticity.
(1991). Mol. Cell. Biol. 11, 309±321.
By comparison, activated PYK2 phosphorylates potas-
sium channels reducing their conductance (Lev et al.,
1995). This would make dendrites more excitable and
thus increase cooperative and associative postsynaptic
mechanisms of plasticity. Ras and Ras-related proteins
have been shown to modulate potassium channel activ-
ity, synaptic vesicle trafficking, cytoskeletal remodeling,
and other second messenger systems that could func-
tion pre- or postsynaptically to modulate neuronal excit-
ability (Finkbeiner, 1996). In the future, it will be important
to better localize the components of the Ras/MAPK
pathway and the Ca21-dependent paths to Ras to clarify
their respective biological roles. Taken together, Ca21-
mediated pathways of Ras activation may be a critical
mechanism to couple rapid and transient neuronal elec-
trical activity with long-term changes in nervous system
development and function.
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